We study electronic and topographic properties of the vicinal Si͑557͒-Au surface using scanning-tunneling microscopy ͑STM͒ and a reflection of high-energy electron diffraction technique. STM data reveal double wire structures along terraces. Moreover, the behavior of the voltage-dependent STM tip-surface distance is different in different chains. While the one chain shows oscillations of the distance which are sensitive to the sign of the voltage bias, the oscillations in the other chain remain unchanged with respect to the positive or negative biases. This suggests that one wire has metallic character while the other one has a semiconducting one. The experimental results are supplemented by theoretical calculations within tight binding model suggesting that the observed chains are made of different materials, one gold and the other silicon.
I. INTRODUCTION
Studies of the high-index ͑vicinal͒ surfaces have attracted much attention as templates for formation of the lowdimensional structures on them. 1 Such structures, usually one dimensional, are important from a scientific point of view as they allow one to study phenomena such as Luttinger liquid, 2, 3 Peierls instability, 4 self-assembling of arrays of nanowires, 5 or basic properties of electrons. On the other hand they have potential technological applications in nanoelectronics or quantum computing.
There are many examples of the vicinal surfaces studied recently, including the Au decorated Si͑335͒ surface, [6] [7] [8] [9] clean Si͑557͒, 10 Si͑557͒-Au, 8, [11] [12] [13] [14] [15] [16] [17] [18] Si͑557͒-Ag, 19 or Si͑5512͒-Au. [20] [21] [22] [23] All these surfaces allow one to grow one-dimensional wires along the terraces.
In the case of the Si͑335͒-Au surface, which consists of Si͑111͒ terraces 3 2 3 ϫ a ͓112͔ wide, a single long monoatomic chain on each terrace has been observed at gold coverage 0.28 ML. This surface has been investigated using reflection of high-energy electron diffraction 6, 9 ͑RHEED͒, angleresolved photoemission spectroscopy 7, 8 ͑ARPES͒, and scanning tunneling microscopy 8, 9 ͑STM͒ indicating the metallic character of the wires grown on it. Moreover, it was found experimentally and confirmed theoretically that these wires show bias-dependent oscillations of the STM tip-surface distance along the wire with a period of 2 ϫ a ͓110͔ . 9 Jałochowski et al. 11 showed how a small amount of gold stabilizes the Si͑557͒-Au surface. This surface possesses wider terraces ͑5 2 3 ϫ a ͓112͔ ͒ and at gold coverage 0.2 ML one observes not single but double monoatomic chains on each terrace. [11] [12] [13] [14] [15] [16] [17] [18] Many experimental techniques have been applied to study properties of this surface. Segovia et al. 12 using ARPES claimed that the wires show Luttinger liquid ͑LL͒ behavior which turned out later on to be not LL but usual Fermi liquid with two metallic bands. 13, 14 Those conclusions have been reached by studying it using ARPES and STM techniques and confirmed theoretically within density functional theory. 15 On the other hand, conductivity measurements suggest a nonmetallic character of the surface, 18 which seems to be in contradiction with ARPES data. However, one has to keep in mind that the chains are not ideal but they are discontinued ͑tens of nanometers long͒ so even along wire there are metallic as well as semiconducting regions, which may explain discrepancy between conductivity measurement and ARPES data. Moreover, it turned out that such amount of gold is sufficient to form single wire only, 7,17 unless we assume that gold atoms are distributed with distance equal to twice of the lattice constant in direction ͓110͔. Thus it is enough of gold to form two chains. However the existence of the single Au chain per terrace has been found using x-ray diffraction. 16 In the present work we use scanning tunneling microscopy ͑STM͒ technique to study gold induced structures on Si͑557͒ surface. Those experimental studies are supplemented by theoretical ones based on tight binding model where the STM tunneling current is calculated using the nonequilibrium Keldysh Green function formalism. The theoretical description remains in good qualitative agreement with the STM data. The rest of the paper is organized as follows. In Sec. II we describe the experimental setup and provide some data. In Sec. III we introduce the model of the chains on the surface and the results are presented in Sec. IV. The comparison of the theoretical calculations with the experimental data is given in Sec. V. Finally, Sec. VI contains some conclusions.
II. EXPERIMENTAL
Experimental setup consists of an ultrahigh vacuum ͑UHV͒ chamber equipped with a scanning tunneling microscope ͑type OmicronVT͒ and reflection high-energy electron diffraction ͑RHEED͒ apparatus. Samples were prepared in situ and the base pressure was less than 5 ϫ 10 −11 mbar during measurements. The one-dimensional structures have grown after deposition of 0.2 ML of Au, heating the sample at temperature 950 K for 20 s and gradually annealing to the room temperature for 3 min. The quality of the surface reconstruction has been controlled by a RHEED technique. All STM data have been collected at room temperature. Figure 1 shows large area STM image of the Si͑557͒ surface covered with 0.2 ML of gold. Figure 2 shows enlarged part of the image marked with thick line in Fig. 1 recorded at tunneling current I = 0.05 nA and the sample bias U = −1.0 V ͑a͒ and +1.0 V ͑b͒. We note that images ͑a͒ and ͑b͒ represent the same area of the sample. The STM images clearly show sets of double chains on each terrace. Distance between these sets is equal to the width of the unreconstructed Si͑557͒ surface terrace, 5 2 3 ϫ a ͓112͔ ͑1.92 nm͒, and the distance between two chains on the same terrace is equal to 2 ϫ a ͓112͔ ͑0.68 nm͒. However, the chains on the same terrace show different behavior. While the chain indicated by arrows and denoted as C in Figs. 2͑a͒ and 2͑b͒ is apparently continuous and very similar to that grown on a Si͑335͒-Au surface, 9 the wire D differs considerably and reminds a row of well ordered single atoms rather than onedimensional object. However periodicity along chains are the same in both wires and equal to 2 ϫ a ͓110͔ ͑0.77 nm͒. It is worth to note that similar periodicity along the chain has been also found in different structures, such as Si͑335͒-Au ͑Ref. 9͒ with single chain per terrace or Si͑111͒-͑5 ϫ 2͒-Au ͑Ref. 24͒ with double Au chains. Figure 3 displays cross sections along atomic chain C ͑a͒ and D ͑b͒ indicated by arrows in Fig. 2 .
As one can read off from the figure both chains show oscillations of the electron density with distance along their length. Moreover, it is clearly seen that those chains behave differently upon reversing the sample bias. Topography of the nanowire C ͑top picture͒ reverses ͑maxima change into minima and vice versa͒ with switching of the voltage bias from negative to positive values. Such behavior has been previously observed in the case of Si͑335͒-Au structure 9 and has strictly electronic origin. On the other hand, there is a lack of such reversing in the chain D where its topography remains almost unchanged, except that at positive bias the structures are higher. We stress that in order to exclude possible influence of the sample thermal drift the presented STM images were recorded simultaneously, with negatively biased sample during line forward scan and positively biased during line backward scan. The evolution of topography changes with the bias voltage is shown more clearly in Fig. 4 .
We observe that the chains of C ͑D͒ type simultaneously become less ͑more͒ visible while going from negative to positive biases. Moreover, chains of D type do not show any topography reverse. On the other hand, there is a reverse of the topography of the C type chains when crossing zero bias. Another interesting effect is associated with recently observed zero-dimensional end states. 25 Such states have the wave function localized to the end atoms in a chain, which decays exponentially into the chain. 25, 26 As for the Si͑553͒-Au surface, 25 we observe that C type chains at negative sample bias appear longer than at positive bias ͑see Fig.  3 , top panel͒. At negative bias the end atoms are well visible while for positive bias the atoms second from the end are enhanced and the end atoms became supressed. This fact can be explained in terms of different densities of states above and below the Fermi energy ͑see discussion in Sec. IV͒. However, unlike in Ref. 25 , the topography modulation along chain is twice a lattice constant ͑2 ϫ a ͓110͔ = 0.77 nm͒ and we also observe the topography reverse. Moreover, we can also observe exponential decay of the height of the end states into the chain ͑see Fig. 5͒ . We stress that there is no such an effect for chains of D type ͑see Fig. 3 , bottom panel͒.
To see the evolution of the topography of chain C type with the sample bias we show in Fig. 5 the cross sections along the longest chain indicated by arrow with label C in Fig. 2 . It is clearly visible how, going from negative to positive voltages, the length of the chain becomes shorter. Moreover, around zero bias we observe the reverse of the topography. Figure 6 shows the length of above discussed the chain as a function of the sample bias.
We define the length as a distance between endmost maxima in the topography profile ͑see Fig. 5͒ . The length variation of the chain takes place in the range between −0.75 to + 0.5 V. Below the bias −0.75 V and above +0.5 V it remains almost constant, and the length difference between those biases is equal 0.77 nm ͑twice a lattice constant along the chain͒. From the experimental data we cannot judge what material ͑Si or Au͒ those wires are composed of. Certainly there is no sufficient amount of gold to produce two gold chains within terrace, unless we assume that gold atoms occupy every second site in direction a ͓110͔ , which would be supported by the fact that those chains show oscillations with period twice as large as the lattice constant in this direction. However, it is difficult to find any particular reason supporting this assumption. So one can assume that we deal with one gold and one silicon chain. This would be supported by abovementioned differences between chains seen in STM images. However, there might be another scenario in which both structures come from silicon while gold atoms substitute into the surface producing a third chain not visible in STM images. Such supposition is supported by the fact that Au is more electronegative than Si and binds one Si electron with their s , p electrons in a low laying state, 15 according to the first-principles calculations. 8, 17 The chain structures visible in STM are likely to be Si atoms at step edge ͑chain C͒, similar to those in Si͑335͒-Au, and Si adatoms ͑chain D͒.
III. THEORETICAL DESCRIPTION
The experimental studies suggest that the electronic states in the chain C have extended nature while in chain D they are localized. In the language of the tight binding model the hopping integral between atoms in chain C has larger value than that in the other chain or single particle electron energies of the chain C atoms lay much closer to the Fermi energy of the surface than those of the chain D. So one can conclude that chain C has metallic character while D is of isolating ͑semiconducting͒ nature. Moreover, the fact that at negative sample bias U ͓Fig. 2͑a͔͒ chain C is more visible in the STM topography image than the chain D while at positive U ͓Fig. 2͑b͔͒ the effect is opposite, suggests that we deal with mainly occupied states in the chain C and empty states in D.
In order to explain the effect associated with the electron density oscillations and differences between neighboring chains observed in STM images, we propose a model of two coupled nonequivalent chains composed of Au ͑chain C͒ and Si ͑chain D͒, schematically depicted in Fig. 7 .
The Hamiltonian describing system composed of surface, two chains and STM tip is
where
is for STM electrode electrons with single particle energies ⑀ k . The STM tip is modeled by single atom with energy level 0
The wire part of the Hamiltonian is described by
where i␣ is the atomic energy of the ith atom in chain ␣ =1,2, t x␣ is the hopping integral between neighboring atoms in the same chain, while t y is the hopping between neighboring atoms in different chains. Hamiltonian of the surface is
and interactions between different subsystems are in the form
where V k0 is the hybridization between STM electrode electrons and STM tip, t i0␣ is the hopping between atoms in a chain ␣ and STM tip, and V ki␣ is the hybridization matrix element connecting the surface and chain ␣. In all above equations we have omitted spin index in the electron creation ͑annihilation͒ operators as we are not interested in magnetic properties and assume that system is in paramagnetic phase. In order to calculate the tunneling current from the STM electrode to the surface we follow the standard derivations [28] [29] [30] and get
where 
and ⌫ surf ͑͒ =2͚ ksurf ͉V k␣ ͉ 2 ␦͑ − ⑀ k ͒ is the coupling parameter between STM electrode and the tip atom and surface and the chain, respectively. G id␣ r ͑͒ is the Fourier transform of the retarded GF G id␣ r ͑t͒ = i͑t͓͒͗d i ͑t͒ , d + ͑0͔͒ + ͘, and is the matrix element ͑connecting the tip atom 0 with the ith atom in chain ␣͒ of full GF, solution of the equation
Full GF Ĝ r ͑͒ is ͑2N +1͒ ϫ ͑2N +1͒ matrix ͑N atoms in a wire 1, N atoms in a wire 2, and the tip site͒, which has to be determined, just by inverting matrix ͑1 − Ĥ ͒. Note that within the present model there are no Coulomb interactions between electrons and the problem can be solved exactly.
IV. NUMERICAL RESULTS
So far we have been able to calculate the tunneling current for a given bias voltage eU = STM − surf at constant STM tip-surface distance. In our model, the quantity which is related to this distance is the coupling between tip atom and the chain ␣⌫ i0␣ ϵ͉t i0␣ ͉ 2 ͑in units of ⌫ = ⌫ STM + ⌫ surf =1͒. From the physics of tunneling phenomena we know that ⌫ i0␣ exponentially depends on distance z between STM tip and the chain. A rough estimate of ⌫ i0␣ may be deduced by taking both the tip and the chain orbitals as the lowest states of square potential wells of spatial widths l M separated by the barrier of height equal to the work function and width equal to the distance z between STM tip and the chain. The half of the ground state energy splitting in this double well structure ⌫ i0␣ is thus given by
where m is the electron mass, W f is the work function taken as 4.5⌫, l M is the length parameter ͑of order of an orbital spatial size͒ chosen as 0.52 in units of the lattice constant a ͓110͔ . In numerical calculations we have chosen the Fermi energy of the surface as zero of energy scale ͑E F =0͒. All energies are measured with respect to it in units of ⌫ = ⌫ STM + ⌫ surf = 1 and for simplicity we have chosen ⌫ STM = ⌫ surf = 0.5. The quantities concerning distances are expressed in units of the lattice constant along chain ͑a ͓110͔ =1͒. Moreover, the distance between chains is modeled via interchain hooping integral t y .
To get the information on topography of the wire we have solved Eqs. ͑7͒-͑9͒ self-consistently for a given bias voltage eU and fixed current I, got value of ⌫ i0␣ and finally determined z from relation ͑10͒. In Fig. 8 we show the comparison of the STM tip-surface distance z along chains 1 and 2 for negative and positive sample biases.
It is clearly seen that chain 1 ͑corresponding to the chain C observed in experiment͒ shows the bias-dependent reverse of the topography ͑top panel͒ while chain 2 ͑chain D͒ is insensitive to it ͑bottom panel͒. Furthermore, if the atomic energies of the chain are close to the Fermi energy, the topography of the chain remains almost unchanged with respect to the reverse of the bias voltage, while it reverses if the chain atomic energies lay far away from the Fermi energy. We have performed a number of calculations for various values of i␣ and this seems to be a general tendency, provided the other parameters are the same for both chains. Actually this can be understood from a simple argument if we consider not a chain but single atom with atomic energy at . Namely, the atomic local density of states ͑LDOS͒ has Lorentzian shape due to the coupling to the STM tip and the surface, and if at is close to the Fermi energy, the LDOS is almost symmetric with respect to the Fermi energy. Tunneling current is an integral of the LDOS bounded by the chemical potentials of the STM tip and surface electrodes, so it gives approximately the same values of the current for both voltage polarizations and therefore no topography reverse. In the opposite situation, if the atomic energy is far away from the Fermi energy, the LDOS is strongly asymmetric and centered around at , thus giving a different contribution to the current. If at lays within eU ͑between STM and surf ͒ tunneling occurs through the main peak of the LDOS giving a large value of the current while in opposite situation the contribution is small as the tunneling takes place only through the tail of the main peak in the LDOS.
Similar argument applies to the chain, however, the density of states ͑DOS͒ is now more complicated as it contains many peaks. Again, if the chain single particle energies lay close to the Fermi energy, the DOS is almost symmetric and thus no topography reverse. If i␣ are much larger than the Fermi energy, density of states contains a series of peaks distributed mainly around original values of i␣ , and therefore we get a large current for given bias sample and small one for reversed bias. This is clearly seen in Fig. 9 , where the example of the weighted DOS ͑transmittance͒ at STM tip position in the middle of the chain x =8 ͑see Fig. 8͒ is plotted as a function of energy.
Turning to the experimental data, one can associate chain C with the chain 1 in Fig. 8 ͑top panel͒ and chain D with that indicated by 2 in Fig. 8 ͑bottom panel͒ and conclude that chain C ͑Fig. 2͒ consists of single atoms with atomic energies much larger than the Fermi energy, while chain D has those energies close to the Fermi energy assuming that the other parameters characterizing chains are equal for both chains.
At this point it is interesting to note boundary effects clearly seen in Fig. 8 ͑bottom panel͒ and associated with the zero-dimensional states at the ends of the chains, recently observed on the Si͑553͒-Au surface. 25 Another important quantity is the interchain hopping integral t y . In Fig. 10 the STM tip-surface distance is plotted for different values of the interchain couplings t y .
It is clearly seen that the strength of the coupling can modify results. However, while it has strong influence on the properties of chain 1, eventually leading to the reverse of the topography for positive bias ͓compare curve with boxes ͑t y = 0.8͒ with the others in the panel ͑b͔͒, it very weakly modifies topographic properties of chain 2. Such a difference in the influence can be explained in the following way. As we would expect the interchain hopping t y modifies the transmittance T͑͒ of the system. It shifts the positions of the resonances in the T͑͒ in both chains in the same way but at the same time it modifies their spectral weights in different ways. However, for i␣ close to the Fermi energy the transmittance integrated over the eU remains almost unchanged, thus leading to similar values of the tip-surface distance for different interchain couplings t y .
Let us now discuss what the effect of the hopping integral between neighboring atoms in the same chain on the topography is. Figure 11 shows the topography of the chains for a number of the intrachain hopping integrals t x2 with fixed t x1 = 1.0 and i1 = 2.0, i2 = −0.5.
It is clearly seen that the intrachain hopping can change the topography of the chain. While for larger values of the hopping along chain 2 than that along chain 1 ͑t x2 Ͼ t x1 ͒ one can observe the reverse of the topography in both chains ͑compare curves with circles in all panels͒, for equal hoppings ͑t x2 = t x1 ͒ there is a reverse of the topography in chain 1 and no such effect in chain 2 ͑curves with boxes͒ and for ͑t x2 Ͻ t x1 ͒ there is no reverse of the topography in either chain ͑curves with triangles͒. Such modifications of the chain topography due to the intrachain hopping integrals is not a general property of the system as there is no similar effect in the symmetric situation, namely, if the chain atomic energies were equal. We have performed a number of calculations for i1 = i2 and got quite different behavior from that presented in Fig. 11 . Namely, our self-consistent calculations always converged to the results showing the reverse of the topography in both chains. This is a very important result as it leads to the conclusion that the chain atomic energies have to be different in both chains in order to get an agreement with the experimental data. Similar effect on the topography has the coupling to the surface V ki␣ . For i1 = i2 one always gets reverse of the topography in both chains. This can be easily understood if we remind that coupling to the surface leads to the broadening of the resonances in the density of states but does not influence their positions when the Coulomb interactions in chains are neglected.
From the above discussion one can conclude that the main effect which leads to the reverse of the topography in one chain and its lack in the other one comes from the chain atomic energies-they have to be different in both chains. Going further one can conclude that the chains observed in STM have been made of different materials, one of silicon and the other of gold.
V. COMPARISON WITH EXPERIMENT
To make a quantitative comparison of the theoretical calculations with the experimental data we use the formula for the tip-surface distance ͑10͒ and put ⌫ surf = 1 eV and a = a ͓111͔ = 0.384 nm. Figure 12 shows both the experimental and the theoretical data of typical short chains of type C and D, marked with smaller boxes in Fig. 1 .
The best fit has been obtained with the chain atomic energies i1 = 0.3 eV for chain C and i2 = −0.2 eV for chain D, respectively. Moreover, the values of the intrachain and interchain hoppings were the same as those obtained in Ref. 8, i .e., t x1 = t x2 = 0.68 eV and t y = 0.05 eV. Those values of the chain atomic energies, as was stated previously, suggest that we deal with different chains, i.e., chains composed of different materials. Going further, we can assign the C chain to the Si atoms, while we can assign the D chain to the Au atoms. This can be deduced from different values of the atomic energies ␣ used in calculations and electronegativity of free atoms. The Au atoms are more electronegative, so they should have lower atomic energies at = i2 = −0.2 eV in our case, while Si atoms have at = i1 = 0.3 eV. Of course, this conclusion is true provided the other parameters are the same or similar in both chains.
Although theoretical topography curves do not exactly follow experimental ones, main features, i.e., the reverse of the topography for chain C and its lack for chain D, are quite reasonably reproduced. The deviations between theoretical calculations and experimental data steam from the fact that we used a simple model of STM tunneling, nevertheless giving a semiquantitative agreement with the experiment. Moreover, our model allows for calculations of the tunneling current in the cases when the STM tip is placed exactly above the chain atom, therefore we do not present the theoretical data for the tip position between chain atoms. To get full agreement with experimental data one has to take into account additional effects, such as tunneling into side chain atoms, the Coulomb interactions, or perform first principles calculations which is out of the scope of the present work.
VI. CONCLUSIONS
In conclusion we have studied properties of the monoatomic chains on the vicinal Si͑557͒-Au surface using STM technique. We have observed double nonequivalent chains on such a surface showing a different behavior of the topography with reversing of the bias voltage. While chain C shows reverse of the topography, chain D does not show such effect. Additionally the STM tip-surface distance oscillates along any chain with the same period equal to double lattice constant in direction ͓110͔. We have also performed tight binding model calculations showing similar oscillations of the STM tip-surface distance and led us to the conclusion that atomic energies have to be different in different chains and larger in chain C than in chain D. This fact supports the scenario which is probably realized in experiment that one chain is made of gold ͑chain D͒ and the other one of silicon atoms ͑chain C͒.
